3 The abbreviations used are: TLR, Toll-like receptor(s); RLR, RIG-I-like receptor(s); NLR, Nod-like receptor(s); HCV, hepatitis C virus; MTT, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide; CCCP, carbonyl cyanide 3-chlorophenylhydrazone; 3-MA, 3-methyladenine; PMI, p62-mediated mitophagy inducer; RdRp, RNA-dependent RNA polymerase.
Innate immune responses are important for pathogen elimination and adaptive immune response activation. However, excess inflammation may contribute to immunopathology and disease progression (e.g. inflammation-associated hepatocellular carcinoma). Immune modulation resulting from pattern recognition receptor-induced responses is a potential strategy for controlling immunopathology and related diseases. This study demonstrates that the mycotoxin patulin suppresses Toll-like receptor-and RIG-I/MAVS-dependent cytokine production through GSH depletion, mitochondrial dysfunction, the activation of p62-associated mitophagy, and p62-TRAF6 interaction. Blockade of autophagy restored the immunosuppressive activity of patulin, and pharmacological activation of p62-dependent mitophagy directly reduced RIG-I-like receptor-dependent inflammatory cytokine production. These results demonstrated that p62-dependent mitophagy has an immunosuppressive role to innate immune response and might serve as a potential immunomodulatory target for inflammation-associated diseases.
Innate immune responses are important for pathogen elimination and the activation of adaptive immune responses (1) . Pattern recognition receptors, such as Toll-like receptors (TLR), 3 RIG-I-like receptors (RLR), and Nod-like receptors (NLR), recognize pathogen-associated molecular patterns, resulting in cytokine and chemokine production and the induction of other downstream innate immune responses (2) .
Although innate immune responses are critical to pathogen elimination and immune response activation, the pro-inflammatory responses elicited as a result of pattern recognition receptor signaling can lead to excess inflammation if not controlled and may contribute to disease progression (e.g. Helicobacter pylori-associated gastric cancer (3) and chronic hepatitis virus infection-associated hepatocellular carcinoma (4, 5) ). Therefore, controlling immunopathology and related diseases caused by inflammation resulting from pattern recognition receptor-dependent signaling represents a potential treatment strategy (6 -8) . How to fine tune unwanted inflammation while maintaining protective immune responses intact will be a critical hurdle to overcome.
Hepatic diseases, such as cirrhosis and hepatocellular carcinoma are typically associated with chronic inflammation that can take decades to develop. Activation of proinflammatory cytokines in the liver, such as IL-6/gp130/STAT3, is a critical step in the development of hepatic disease, including hepatocellular carcinoma (9 -11) . In addition, serum proinflammatory cytokine levels were higher in hepatitis C virus (HCV)-associated hepatocellular carcinoma patients (12) . Modulation of these immune responses represents a potential strategy for ameliorating disease progression (7) . Therefore, we aimed to identify new targets for immune modulation as a means of reducing proinflammatory cytokine production by screening a library of natural compounds for the treatment of inflammation-related liver diseases. An in vitro screening platform was developed to evaluate natural compounds collected by Microsource Discovery Systems that was composed of two screens: one to evaluate cytokine production activated by LPS/TLR4 pathway signaling and the other to analyze the cytokines triggered by HCV-NS5B-dependent RIG-I/MAVS activation (13) . IL-6 production was measured as a readout to evaluate the immune modulatory activity of candidate compounds. This screening process identified patulin that suppressed the activity of both LPS/TLR4 and RIG-I/MAVS activation pathways.
Patulin is a fungal toxin produced by Penicillium and other fugal genera and can be commonly found in rotten crops and fruit (14) . With its electrophilic property, patulin reacts with GSH and N-acetylcysteine to form adducts (15) . Therefore, pat-ulin treatment could elicit GSH depletion followed by mitochondrial dysfunction and reactive oxygen species elevation in cell (16, 17) . Long term treatment with patulin, therefore, leads to the activation of oxidative stress, endoplasmic reticulum stress, and apoptosis (18 -22) . Patulin also has been linked to skin cancer formation (23) and cytokine dysregulation (24, 25) . In this study, we further examined the mechanisms associated with patulin-modulation of the TLR and RLR pathways and identified that patulin disturbed NF-B-mediated activation and cytokine production through GSH depletion and mitochondrial dysfunction-dependent mitophagy activation. These results reveal an immunosuppressive role for the p62-dependent mitophagy in both TLR-and RLR-dependent innate immune response.
Results

Patulin Blocked LPS-dependent Cytokine and NO Production-
To determine whether patulin possessed immunosuppressive properties, we examined its effects on IL-6 production following LPS stimulation of mouse leukemic monocyte macrophage (RAW264.7) cells. RAW264.7 cells were treated with LPS (1 g/ml) in the presence of various doses of patulin (1-100 M). As shown in Fig. 1A (left) , LPS-dependent IL-6 expression was significantly reduced in the presence of 1 M patulin and completely blocked at a concentration of 5 M. NO production was also completely inhibited in the presence of 5 M patulin ( Fig.  1A , middle). To determine whether patulin treatment resulted in any cytotoxicity effects, a 3-(4,5-dimethylthiazol-2-yl)-2,5diphenyltetrazolium bromide (MTT) assay was used to moni-A. were treated with various concentrations of patulin in the presence or absence of LPS (1 g/ml) for 24 h (n ϭ 3). IL-6 and NO levels in culture supernatants were measured by ELISA and the Griess reaction, respectively. Cell viability was determined using the MTT assay. B, cytokine mRNA expression profiles of cells 2 h after LPS treatment (100 ng/ml) were evaluated by quantitative RT-PCR (n ϭ 3). C, cytokine production after 24-h LPS treatment (100 ng/ml) was measured by ELISA (n ϭ 6). D, to stimulate inflammasome activity, J774A.1 cells pretreated with or without LPS (500 ng/ml) for 4 h were stimulated with 5 mM ATP for 30 min. The cells were then washed with PBS and incubated in low serum medium for an additional 4 h. Intracellular (immature) and extracellular (mature) forms of IL-1␤ and caspase-1 were monitored by immunoblotting. The statistical significance was evaluated by Student's t test. *, p Ͻ 0.05; **, p Ͻ 0.01. Error bars, S.E. tor cell viability. As shown in Fig. 1A (right), patulin treatment at 1 M did not significantly affect MTT activity; however, MTT activity was slightly reduced to 80% when cells were incubated with 5-20 M patulin, and activity did not drop significantly until 50 M patulin was used, suggesting that patulin suppressed LPS-dependent proinflammatory cytokine and NO production by RAW264.7 cells in vitro. Proinflammatory cytokine and type I IFN mRNA and protein expression levels following LPS (100 ng/ml) stimulation were evaluated by real-time PCR ( Fig. 1B) and ELISA (Fig. 1C) in the presence or absence of patulin. LPS-induced IL-6, TNF␣, IL-1␤, and IFN␤ mRNA expression were reduced in the presence of patulin treatment. IL-6, IL-1␤, and IFN␤ protein expression upon LPS stimulation were more sensitive to patulin treatment compared with TNF␣ expression. The maturation process of IL-1␤ protein from pro-IL-1␤ is inflammasome/ caspase-1-dependent, and the activation of inflammasome usually needs a second signal to trigger the self-activation of procaspase-1 zymogen by proteolytic cleavage (26) . Although the IL-1␤ mRNA was up-regulated by LPS stimulation in RAW267.4 cells, IL-1␤ protein was under the ELISA detection limit. It has been shown that RAW264.7 macrophage is defective in caspase-1 activation (27) , so the J774.1 mouse macrophage was used to evaluate the effect of patulin on inflammasome activation. The expression of pro-IL-1␤ and NLRP3, a component of the inflammasome, was induced inside the LPSprimed J774.1 cells, but the induction was reduced in the presence of patulin ( Fig. 1D ). Upon extracellular ATP stimulation for inflammasome activation, mature IL-1␤ (p19) and caspase-1 (p20) were detected in the culture supernatant of control cells but were blocked in the supernatant of patulintreated cells, which could be due to the reduction of pro-IL-1␤ and NLRP3 expression. TNF␣ secretion, an inflammasomeindependent process, was not disturbed dramatically by patulin treatment.
Patulin Blocked Cytokine Production Induced by Various TLR Ligands-Because patulin suppressed LPS/TLR4-dependent IL-6 production, we next examined whether patulin could block cytokine production resulting from ligation to other TLR ligands. Pam3CSK and FSL-1 are synthetic lipoproteins recognized by TLR1-TLR2 (28) and TLR2-TLR6 (29) receptor complexes, respectively. CpG ODN is a synthetic oligodeoxynucleotide that is a ligand for TLR9, resulting in activation signals (30, 31) . As shown in Fig. 2A , the ligands for TLR1-TLR2, TLR4, TLR2-TLR6, and TLR9 induced IL-6 production by RAW267.4 macrophage cells with different intensities. Surprisingly, IL-6 production induced by these different ligands was suppressed by patulin treatment (1 M). Because agonists specific for TLR3, TLR5, and TLR7 did not induce production of IL-6 in RAW267.4 macrophages, the impact of patulin on signaling via these pattern recognition receptors remains undefined.
It has been shown previously that patulin treatment could elicit GSH depletion followed by mitochondrial dysfunction (16, 17) . We therefore speculated that the inhibitory effects of patulin on proinflammatory cytokine production might be due to the ability of patulin to deplete GSH and affect mitochondrial function. When high concentrations of GSH (1 mM) were added to the culture medium, the inhibitory effect of patulin on IL-6 production resulting from ligation to various TLR ligands was reversed ( Fig. 2A ). To verify whether primary macrophages were also sensitive to patulin, peritoneal macrophages were stimulated with TLR agonists in the presence or absence of patulin. As shown in Fig. 2B , patulin also suppressed TLR-dependent IL-6 production in primary macrophages that was also reversed by the addition of GSH to the culture medium as described above. Cell viability of both RAW264.7 and primary macrophages was not affected significantly by exposure to either patulin or GSH (Fig. 2, A and B) . To ensure that patulin indeed depleted GSH in RAW264.7 cells, intracellular GSH concentration at 8 h after patulin treatment was measured, and the result showed that Ͼ50% of GSH was depleted by patulin in cells ( Fig. 2C ). Taken together, these data suggest that patulin depleted the GSH level and inhibited TLR-dependent cytokine production in macrophages.
Patulin Suppressed LPS-induced NF-B Activation-Because it was possible that the reduced levels of LPS-dependent cytokine mRNA observed following patulin treatment could be due to rapid mRNA degradation, actinomycin D was used to block de novo mRNA synthesis to determine the cytokine mRNA half-life. Data presented in Fig. 3A show that the half-life (t1 ⁄ 2 ) of IL-6, TNF␣, and IFN␤ was Ͻ30 min in control cells but was longer than 1 h in patulin-treated cells, suggesting that RNA stability might not contribute to patulin-mediated cytokine suppression. TLR-dependent proinflammatory cytokine production is mainly induced following NF-B activation (32) . To further understand the mechanism by which patulin suppressed cytokine production, we evaluated whether patulin modulated LPS-dependent NF-B activation. In a resting state, NF-B bound to I-B␣ is trapped inactive in the cytoplasm. Upon stimulation (e.g. LPS treatment), TLR4 activation leads to I-B␣ degradation, resulting in the release of NF-B and its translocation into the nucleus, where it can activate cytokine transcription (32) . As shown in Fig. 3B , I-B␣ was degraded in 10 min post-LPS exposure, returning to baseline levels within 30 min in control cells. In the presence of patulin, however, I-B␣ degradation was reduced between 10 and 30 min post-LPS treatment, suggesting that TLR4-dependent signal transduction was affected by patulin. To examine whether patulin disturbed NF-B activation triggered by other stimuli, RAW264.7 cells were exposed to TNF␣ in the presence of patulin. As shown in Fig. 3 , C and D, I-B␣ degradation and IL-6 mRNA expression were not significantly suppressed by patulin treatment, suggesting that patulin disturbed NF-B activation specifically induced by TLR but not the TNF receptor.
Mitochondrial Dysfunction Led to Immunosuppression-It has been demonstrated that patulin may have various effects on cells, including GSH depletion and mitochondrial depolarization (17) . Because mitochondrial dysfunction occurs following patulin treatment, we considered the possibility that mitochondrial function might be important in TLR-dependent cytokine production. Therefore, the protonophore carbonyl cyanide 3-chlorophenylhydrazone (CCCP), which can depolarize the mitochondrial proton gradient, and oligomycin, an inhibitor of mitochondrial ATP synthase (33) , were used to interfere with mitochondrial function. LPS/TLR4-dependent IL-6 production was inhibited by both CCCP and oligomycin treatment of RAW264.7 cells, suggesting that mitochondrial function is important for TLR-dependent innate immune response (Fig.  3E) . The CCCP and oligomycin treatment did not affect cell viability significantly ( Fig. 3E ). Because CCCP and oligomycin did not affect LPS/TLR4-dependent NF-B activation (Fig. 3F ), we concluded that mitochondrial dysfunction might be involved in TLR-dependent cytokine production at the posttranscriptional level, such as translation.
Patulin Enhanced p62 Expression and Mitophagy Formation-Dysfunctional mitochondria are removed from cells by mitophagy through a priming process mediated by parkin, ubiquitin, and p62/sequestosome-1 (SQSTM1) (34, 35) . Because mitochondrial dysfunction might be induced by patulin in the context of inflammation suppression, we examined whether p62 expression was affected by patulin treatment using quantitative RT-PCR. As shown in Fig. 4A , p62 mRNA expression was induced in RAW264.7 cells following patulin treatment and was further enhanced by LPS stimulation compared with levels observed in control cells. Replenishment of GSH level limited patulin-dependent p62 mRNA induction (Fig. 4A ). p62 expression at the protein level was also induced by patulin treatment (Fig. 4B ). Expression levels of the autophagy marker LC3 were also slightly increased following patulin treatment ( Fig. 4B ). To confirm that p62 was translocated to the mitochondria after patulin treatment, patulin-treated cells were subjected to mitochondrial fractionation, and p62 expression was examined by immunoblotting. As shown in Fig. 4C , p62 was present mainly in the cytosolic fraction of control cells, but following patulin treatment, some p62 translocated into the mitochondrial fraction, suggesting that patulin-dependent mitochondrial dysfunction might induce p62 expression and activation of mitophagy.
Mitophagy represents a selective form of autophagy used to clear dysfunctional mitochondria following linkage of the adaptor protein p62 to damaged mitochondria forming the autophagosome (36) . We therefore considered whether autophagy was were treated with patulin (1 M or DMSO control) for 2 h and then exposed to LPS (100 ng/ml) for 30 min. Cells were then exposed to actinomycin D (Act D; 10 g/ml) to block de novo mRNA transcription. Cells were then collected at various time points after actinomycin D treatment, and proinflammatory cytokine mRNA in treated cells was quantified using quantitative RT-PCR. B, RAW264.7 cells were pretreated with patulin (1 M) or DMSO for 2 h and stimulated with LPS (100 ng/ml). Treated cells were collected at different time points post-LPS stimulation and subjected to immunoblotting with anti-IB␣ and anti-tubulin antibodies. C, mouse TNF␣ (10 ng/ml) treatment was used to replace LPS stimulation as described in B. D, RAW264.7 cells were treated with patulin (or DMSO) for 2 h and then exposed to TNF␣ (10 ng/ml) for 6 h, and IL-6 mRNA expression was measured by quantitative RT-PCR. E, the effects of mitochondrial inhibitors, CCCP and oligomycin, on LPS-dependent IL-6 production were evaluated in RAW264.7 in parallel with patulin treatment (n ϭ 6). F, CCCP and oligomycin (1 M) were used to replace patulin for pretreatment before LPS stimulation as described in B. Error bars, S.E.
directly involved with patulin-mediated immunosuppression. Using the autophagy inhibitor 3-methyladenine (3-MA) (37) to block patulin-dependent mitophagy, we next examined the impact of LPS stimulation on IL-6 production. As shown in Fig.  4D , 3-MA treatment partially restored patulin-induced immunosuppression, suggesting that mitophagy has a suppressive effect on inflammation. CCCP and oligomycin have been used to activate p62-dependent mitophagy (38) , but patulin treatment was a more potent p62 activator (Fig. 4E) . The intracellular localization of p62 was examined by immunofluorescent staining demonstrating the presence of p62-containing speckles in the cytoplasm following patulin treatment (Fig. 5A) . These p62-containing speckles gradually appeared in the cytoplasm as early as 2 h after patulin treatment, becoming larger after longer incubation times (Fig. 5B ). Patulin-treated cells were also stained with the mitochondrial marker AIF to define the spatial correlation between p62 bodies and mitochondria. As shown in Fig. 5B , the staining intensity of the line plot showed that p62-containing dots were closely associated with AIF staining signals at 2 h after patulin treatment. At later time points (4 and 8 h after patulin treatment), some of the p62-containing bodies were still closely associated with AIF, but others were distant from the mitochondria. To test whether p62 expression is sufficient to trigger large p62-containing dot formation, p62-GFP expressing RAW264.7 cells were exam-ined by a fluorescence microscope. As shown in Fig. 5C , p62-GFP formed small dots in cytoplasm and was accumulated in large complexes after 8-h LPS or patulin treatment. In contrast, GFP protein in RAW264.7 cells was distributed in both cytoplasm and nucleus and did not form any unique pattern upon LPS or patulin treatment. The results suggested that both LPS and patulin activate mitophagy to modulate inflammation.
Patulin Increased Nrf2 Accumulation and p62-TRAF6 Interaction-p62 transcription is regulated by transcription factor Nrf2 (39), and p62 can further promote Nrf2 accumulation through the inactivation of Keap1-dependent Nrf2 degradation as a positive loop (40) . To understand how p62 was activated by patulin in RAW264.7 cells, the intracellular Nrf2 protein level after patulin treatment was examined by immunoblotting ( Fig. 6A ). Both p62 and Nrf2 were present in the detergent-insoluble fraction as described previously (41) , and the accumulation of p62 and Nfr2 was enhanced upon LPS and patulin treatment, suggesting that Nrf2 accumulation might participate in patulin-dependent p62 expression. p62 is a multimodule adaptor protein participating in various signaling pathways by interacting with different binding partners and polyubiquitin chains (42) . TRAF6, an ubiquitin E3 ligase involved in TLR activation, also interacts with p62 (43, 44) . We speculated that p62-TRAF6 interaction might be enhanced by patulin treatment and, therefore, disturb TLR signaling. As shown in Fig. 6B , the interaction of p62-TRAF6 can be observed in Myc-tagged TRAF6-and p62-GFP-overexpressing 293T cells by co-immunoprecipitation and was further enhanced in the presence of patulin. In addition to exogenous p62-GFP and Myc-TRAF6 pulled down by GFP antibody, endogenous p62 and ubiquitin-positive molecules were also co-precipitated from the complex upon patulin treatment. When the proteasome activity was blocked by MG132, more p62 and ubiquitinated proteins in complex with TRAF6 were observed ( Fig.  6B ), suggesting that patulin-induced p62-TRAF6 complexes might be degraded by the ubiquitin-proteasome pathway. The increase of p62-TRAF6 interaction by patulin treatment was also observed in RAW264.7 cells after LPS stimulation (Fig. 6C ). Patulin treatment induced mitochondrial dysfunction and p62-dependent mitophagy activation, and the presence of an autophagy blocker partially restored the immunosuppression activity of patulin. Therefore, a newly developed compound, p62-mediated mitophagy inducer (PMI) (45) , was used to evaluate whether it is possible to modulate TLR-dependent cytokine production through direct activation of mitophagy. The p62 induction at the protein level was examined by immunoblotting, but p62 was not obviously induced in PMI-treated RAW267.4 cells from 2 to 50 M (data not shown). Upon LPS treatment, PMI did not disturb cytokine production, but the MTT activity was significantly reduced (Fig. 6D ). It is known that MTT activity is mainly attributable to mitochondrial enzymes. The reduction of MTT activity in PMI-treated cells could be caused by cytotoxicity or mitophagy activation-dependent mitochondria reduction. Therefore, lactate dehydrogenase release activity, a cell membrane integrity-based cytotoxicity, was used to examine the cytotoxicity of PMI. Even at 50 M, PMI treatment did not cause too much toxicity in RAW267.4 cells (Fig. 6D, left) , suggesting that PMI can effectively activate mitophagy but not influence cytokine production in RAW267.4 cells.
Patulin Inhibited RIG-I/MAVS-dependent IL-6 Production-We previously reported that hepatic expression of HCV RNAdependent RNA polymerase (RdRp) activated the RIG-I/ MAVS pathway, resulting in IL-6 and type I interferon production (13) . Because our results suggested that patulin blocked TLR-dependent cytokine production, we considered whether patulin could also inhibit RIG-I/MAVS-dependent cytokine induction. Hepatocyte NeHepLxHT cells were infected with recombinant adenovirus Ad-del to drive expression of the HCV RdRp active mutant (FLAG-tagged Del mutant), resulting in IL-6 production. Patulin treatment did not disturb FLAGtagged RdRp Del protein expression but reduced RIG-I/MAVS- dependent IL-6 production ( Fig. 7A) . Patulin-dependent immunosuppression on RIG-I/MAVS-dependent IL-6 production was restored by high GSH concentrations (1 mM) ( Fig. 7B ). p62 induction following patulin treatment was also observed in NeHepLxHT cells (Fig. 7C) , and the immunosuppressive effects of patulin were reversed by 3-MA (Fig. 7D ). Overall, these results suggested that p62-dependent mitophagy was involved in patulin-mediated immunosuppression of RIG-I/ MAVS-dependent cytokine production. Whether PMI can modulate RLR-dependent cytokine production through direct activation of mitophagy was also examined. As shown in Fig. 7E , Ad-del infection-dependent IL-6 production was blocked in the presence of 10 -50 M PMI treatment in a dose-dependent manner. The p62 expression was enhanced by PMI treatment at 2 and 10 M but not significantly at 50 M (Fig. 6E ). We suspect that protein synthesis might be affected by mitochondrial clearance after long term culture, or another feedback mechanism may exist.
Discussion
The present study showed that the mycotoxin patulin had immunosuppressive effects on TLR-and RLR-dependent cytokine production by decreasing GSH levels and causing mitochondrial dysfunction that resulted in p62 expression ( Fig. 8 ). p62 accumulation enhanced mitophagy to clear damaged mitochondria and signaling molecules involved in Mitochondria are an important organelle requisite for cell respiration and various metabolic processes. Furthermore, healthy mitochondria are essential for cytokine production that is suppressed during mitophagy. Therefore, maintaining mitochondrial homeostasis is critical for physiological cell functions. Damaged or depolarized mitochondria are removed by selective autophagy, namely mitophagy, through a parkin-ubiquitin-p62-mediated pathway. Patulin-depleted intracellular GSH and disturbed mitochondrial function resulted in the activation of p62-dependent mitophagy in both macrophages and non-hematopoietic cells (hepatocyte), and in the presence of high patulin concentrations (Ͼ50 M), mitochondrial activity was significantly impaired in RAW264.7 cells. Because patulin induced GSH depletion and mitochondrial dysfunction, some consequential events, such as oxidative stress, endoplasmic reticulum stress, and apoptosis (18 -22) , may occur in the presence of a high concentration of patulin treatment (Ͼ5 M). Therefore, all of the experiments in the study were limited at low concentration (1 M) to prevent nonspecific effects caused by disturbed cell physiology.
Patulin disturbed LPS-dependent NF-B activation and suppressed IL-6 mRNA expression levels by up to 50%. In contrast, IL-6 expression was completely blocked by patulin. We therefore speculated that patulin treatment might also affect cytokine production at the post-transcriptional level, such as protein translation. Patulin was shown to block protein synthesis in liver cells (46, 47) . Previous work demonstrated that CCCP and oligomycin treatment reduced ATP levels and protein synthesis (48, 49) . When mitochondrial dysfunction was induced, TLRdependent cytokine production was partially decreased by CCCP and olivomycin and completely blocked by patulin. CCCP and oligomycin did not influence TLR-dependent NF-B activity and did not induce significant p62 expression, suggesting that the CCCP and oligomycin might have affected cytokine protein synthesis levels. Mitochondria play a role in innate immune responses elicited by either viruses or bacteria (50) . Some signaling molecules associated with NLR, TLR, and RLR pathways, respectively, reside within mitochondria or translocate within mitochondria following ligand activation. For example, mitochondrial cardiolipin required for Nlrp3 inflammasome activation and mitochondrial dysfunction is a prerequisite for Nlrp3 inflammasome activation (51) . TRAF6 translocation into the mitochondrial membrane following activation via the LPS/ TLR4 pathway is critical for bacterial clearance (52) . MAVS resides on the mitochondrial outer membrane and is the key adaptor protein for RLR receptors (53) . These observations suggest that mitochondria are a key signaling platform required for the induction of innate immune responses and, as a consequence, represent a target for immunomodulatory interventions, as evidenced by the effects of patulin on TLR-and RLRdependent cytokine expression.
In contrast to CCCP and oligomycin, patulin treatment induced GSH depletion and induced robust p62 expression, leading to inefficient TLR-dependent NF-B activation and complete inhibition of cytokine production. We therefore speculated that activation of p62-dependent mitophagy might be a potential immunomodulatory target. Interestingly, p62 expression was also induced in RAW264.7 7 h after LPS stimulation, and 3-MA treatment also enhanced IL-6 production in control cells, suggesting that p62-dependent mitophagy provided negative feedback to TLR activation. The increase of TRAF6-p62 interaction and the enhancement of ubiquitinated protein aggregate formation for degradation after patulin treatment may be an important mechanism for the suppression of cytokine expression.
Considering that RLR/MAVS activate downstream signaling in mitochondria, mitophagy might directly reduce RLR signaling molecules and therefore affect innate immune responses, further supported by the observation that RLR-dependent cytokine production was sensitive to PMI treatment. Because TRAF6 is also involved in MAVS-dependent antiviral response (54), TRAF6-p62 interaction might also contribute to the inactivation of RLR/MAVS signaling. Hypothetically, PMI should be able to block cytokine production if p62 was induced by PMI to a level as high as it was induced by patulin in RAW264.7 cells. However, p62 expression was not significantly elevated in PMItreated RAW264.7 cells even up to 50 M. This may explain why PMI did not show an immunosuppressive activity in RAW264.7 cells even with a very low dose of LPS (1 ng/ml).
The immunomodulatory properties of patulin have demonstrated how mitochondria can be targeted to modulate the magnitude of innate immune responses. Through GSH depletion, mitochondrial dysfunction, and p62-mitophagy activation, patulin blocked both TLR-and RLR-dependent cytokine production. Because mitochondria are important for various metabolic processes, mitochondrial dysfunction may affect normal cellular physiology and may therefore not be an ideal approach for immunomodulation; however, activation of mitophagy is a natural negative feedback mechanism and may be considered as an approach to reducing excessive inflammation resulting from a cytokine storm that can be elicited following infection. More research will be required to test whether inducing mitophagy represents a viable immunomodulatory approach for the treatment of inflammation-associated diseases.
Experimental Procedures
Cell Culture and Virus Infection-Mouse macrophage RAW264.7 cells were maintained in RPMI medium (Gibco) with 10% FBS (Gibco). J774A.1 cells were cultured in DMEM high glucose medium (Thermo) supplemented with 10% FBS. Mouse peritoneal macrophages were collected from C57B/6 mice 4 days after mice were injected intraperitoneally with 3% Brewer thioglycollate (Creative Media Products, Chapel Hill, NC). All of the mouse-related experiments were conducted in compliance with the guidelines of the Laboratory Animal Center of the National Health Research Institutes and an approved animal protocol. Macrophages were maintained in DMEM/ F-12 medium (Gibco) with 10% FBS (55) and allowed to attach for 6 -8 h before they were used in TLR-related experiments. HEK293T cells were cultured in DMEM (Gibco) with 10% FBS. Human hepatocyte NeHepLxHT cells were maintained in DMEM/F-12 with 10% FBS supplemented with dexamethasone (40 ng/ml), insulin (2 g/ml), and EGF (20 ng/ml) on collagencoated plates. For RLR/MAVS signaling activation, NeHepLxHT cells were infected with Ad-GFP and Ad-Del (13) (multiplicity of infection ϭ 10) in serum-free medium for 2 h and then maintained in normal growth medium.
Antibodies and Reagents-The mouse TLR1-8 agonist kit was purchased from InvivoGen (San Diego, CA). LPS (Escherichia coli serotype O110:B4 or 055:B5), patulin (P1639), GSH (G4251), CCCP (C2759), oligomycin (O4876), 3-MA (M9281), actinomycin D (A1410), and MG132 (C2211) were purchased from Sigma. The anti-IB␣ (sc-371, Santa Cruz Biotechnology, Inc.) and IB␤ (sc-969, Santa Cruz Biotechnology), tubulin (Sigma), FLAG (Sigma), SQSTM1 (p62) (Genetex or Abcam), LC3I/II (Genetex), Nrf2 (sc-721, Santa Cruz Biotechnology), ubiquitin (sc-8017, Santa Cruz Biotechnology), Myc (sc-40, Santa Cruz Biotechnology), NLRP3 (AG-25B-0006, Adipogen), IL-1␤ (AF-401-NA, R&D Systems), TNF (AB2148P, Chemicon), caspase-1 (sc-514, Santa Cruz Biotechnology), and GAPDH (GTX627408, GeneTex) were used for immunoblotting. PMI (45) was synthesized and provided by Dr. Jinq-Chyi Lee.
ELISA, Nitric Oxide (NO) Production, MTT Assays, Lactate Dehydrogenase Assays, and GSH Measurement-To evaluate the immunosuppressive activity of patulin, RAW267.4 cells were stimulated with LPS (O110:B4, 1 or 0.1 g/ml) in the presence of natural product for 16 h. Cell culture supernatants were collected for the determination of IL-6 and NO production. IL-6 and TNF␣ ELISA (eBioscience, San Diego, CA) and IFN␤ (PBL, Piscataway, NJ) ELISA kits were used to measure cytokine as described by the manufacturers. NO was estimated from the accumulation of nitrite (NO 2 Ϫ ), a stable end product of NO metabolism in the medium using the Griess reagent (Sigma). Equal amounts of culture supernatants and Griess reagent (1% sulfanilamide in 5% phosphoric acid and 0.1% ␣-naphthylethylenediamine dihydrochloride in distilled water) were mixed and incubated for 15 min at room temperature. The amount of violet-colored reaction product was measured at A 540nm using an ELISA reader, and the nitrite concentration was calculated from a nitrite standard curve. To examine cell viability after the respective treatments, MTT (Sigma) stock solution (5 mg/ml) was added to the cells at a volume equal to 0.1ϫ the original culture volume and incubated for 4 h. The resulting purple MTT formazan was solubilized with acidic isopropyl alcohol (0.1 N HCl in isopropyl alcohol), and the optical density was measured at an A 570 nm using a spectrophotometer. A lactate dehydrogenase-releasing assay was performed with a cytotoxicity detection kit (Roche Applied Science) by following themanufacturer'sinstructions.ForintracellularGSHmeasurement, cells were lysed to a concentration of 1 ϫ 10 5 /ml, and total GSH concentration was measured with a GSH/GSSG ratio detection kit (Abcam, Cambridge, UK).
IL-1␤ and Caspase-1 Activation Detection-J774A.1 cells pretreated with or without LPS (055:B5; 500 ng/ml) for 4 h were stimulated with 5 mM ATP for 30 min. The cells were then washed with PBS and incubated in low serum medium for an additional 4 h. Culture supernatants were harvested and mixed with one-tenth volume of 100% (w/v) trichloroacetic acid and were incubated for at least 30 min at Ϫ20°C to precipitate proteins. The precipitated pellets were collected by centrifugation, washed once with 400 l of cold acetone, and subjected to immunoblotting using antibodies against IL-1␤ and caspase-1 (p20).
Immunofluorescence Staining-For p62 and Mitotracker staining, cells were exposed to Mitotracker Red FM (Invitrogen) at 300 nM for 15 min and fixed in methanol for 10 min at Ϫ20°C. Fixed cells were then stained with rabbit anti-p62 (Genetex), Alexa Fluor 488 goat anti-rabbit IgG followed by DAPI staining (Invitrogen). Fluorescent images were captured using a Leica TCS SP5 confocal microscope. Colocalization of mitochondria and p62-containing aggregates was examined by double immunofluorescence staining with mouse anti-p62 (Abcam) and Alexa Fluor 488 goat anti-mouse IgG followed by an incubation with rabbit anti-AIF (mitochondrial marker; Cell Signaling Technology, Danvers, MA) and Alexa Fluor 594 goat anti-mouse IgG staining. Nuclei were stained using DAPI. Images captured using a Leica TCS SP5 confocal microscope were used to perform line plot quantification. To prepare GFPand p62-GFP-expressing cells, RAW264.7 cells were transfected with pEGFP-N2 (Clontech) or SQSTM1/pCMV6-AC-GFP (Origene RG203214) by Lipofectamine 2000 (Invitrogen) and selected by Geneticin (Invitrogen). Images of GFP and p62-GFP expression patterns were captured by a Leica DM2500 fluorescence microscope.
Quantitative PCR-Total RNA was extracted from cultured RAW264.7 cells using TRIzol (Invitrogen) and used for cDNA synthesis with the SuperScript first strand synthesis system (Invitrogen). cDNAs were then used as templates for RT-PCR using the ⌬⌬Ct method using cyclophilin A cDNA as an internal control. Primer sequences were as follows: cyclophilin A, 5Ј-atggtcaaccccaccgtgt-3Ј (forward) and 5Ј-ttcttgctgtctttggaactttgtc-3Ј (reverse); IL-6, 5Ј-gaggataccactcccaacagacc-3Ј (forward) and 5Ј-aagtgcatcatcgttgttcataca-3Ј (reverse) or 5Ј-cgctatgaagttcctctctgc-3Ј (forward) and 5Ј-ttgggagtggtatcctctgtg-3Ј (reverse); IFN-␤, 5Ј-agctccaagaaaggacgaacat-3Ј (forward) and 5Ј-gccctgtaggtgaggttgatct-3Ј (reverse); TNF-␣, 5Ј-gaccaggct-gtcgctacatca-3Ј (forward) and 5Ј-cgtaggcgattacagtcacgg-3Ј (reverse); IL-1␤, 5Ј-caaccaacaagtgatattctccatg-3Ј (forward) and 5Ј-gatccacactctccagctgca-3Ј (reverse).
Subcellular Fractionation-Mitochondria isolation was performed with the mitochondria isolation kit for cultured cells (Thermo Scientific, Rockford, IL) by following the instructions from the manufacturer. RAW264.7 cell lysate was also separated into detergent-soluble and -insoluble fractions by following the method described previously (41) . In brief, soluble cell extracts were prepared in extraction buffer containing 50 mM Tris (pH 8.0), 150 mM NaCl, 1 mM EDTA, 10% glycerol, 0.5% Triton X-100, and 1ϫ protease inhibitor mixture (Roche Applied Science). After separated by centrifugation at 10,000 ϫ g at 4°C for 10 min, the detergent-insoluble fractions were solubilized in the buffer with 1% SDS with brief sonication. The detergent-soluble and -insoluble fractions (20 g) were subjected to immunoblotting.
Co-immunoprecipitation-p62-TRAF6 interaction in RAW264.7 or 293T cells was examined by a co-immunoprecipitation approach, as described previously (40) . 293T cells were transfected with pRK5-Myc-TRAF6 and SQSTM1/pCMV6-AC-GFP DNA with Lipofectamine 2000 (Invitrogen) to introduce Myc-TRAF6 and p62-GFP expression for 48 h. After patulin and MG132 treatment, RAW264.7 or 293T cells were lysed with lysis buffer (20 mM HEPES, 150 mM NaCl, 20% glycerol, 0.1% Nonidet P-40, 1 mM PMSF, 10 mM NaF, 1 mM Na 3 VO 4 , 10 mM N-ethylmaleimide, 1ϫ protease inhibitor mixture) at 4°C for 30 min. After brief sonication to shear chromosomal DNA, the lysate (0.5-1 mg) precleared with protein A and G magnetic beads (Invitrogen) was incubated with 1 g of anti-GFP (sc-8334, Santa Cruz Biotechnology) or anti-TRAF6 (sc-7221, Santa Cruz Biotechnology) antibody at 4°C overnight and further incubated with protein A and G beads for 6 h at 4°C. After washing three times in lysis buffer, precipitates were eluted in 1ϫ SDS sample buffer and subjected to immunoblotting.
Statistics-Statistical significance was determined using Student's t test, and p values Ͻ0.05 were considered significant. 
